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Abstract 
The effect of Laves phase precipitation on the fatigue properties of niobium-containing austenitic stainless steel, type 347, was investigated. 
When this material is exposed to the temperature range of 700 ~ 900°C, the precipitation of Laves phase (Fe2Nb) occurs, resulting in the 
embrittlement of the material which is known as the Laves phase embrittlement.  
In the present study, rotary bending fatigue tests have been conducted in laboratory air and in 3%NaCl solution using type 347 aged at 700, 
800 or 900°C. In laboratory air, the fatigue strength was improved by the aging at 700°C due to the fine Laves phase precipitation in γ-phase. 
Whereas the aging at 900°C decreased fatigue strength, which could be attributed to the coarsening of Laves phase. In 3%NaCl solution, the 
fatigue strength of 700°C-aged specimen became lower than that in laboratory air. It is considered that the sensitization occurred due to the 
formation of chromium-depleted zone along grain boundaries during the heat treatment. 
Keywords: Fatigue ; Corrsion Fatigue ; Stainless Steel ; Laves phase ; Microstructure ; Aging 
1. Introduction 
Niobium (Nb) -containing austenitic stainless steel, type 347, is frequently used for thermal power plant 
applications, because of its excellent strength at high temperature and stress corrosion crack resistance. However, 
when Nb-containing austenitic stainless steel is exposed to the temperature range of 700 ~ 900°C, the precipitation 
of Laves phase (Fe2Nb) occurs. The precipitation of hard Laves phase would bring on the reduction of toughness, 
ductility and corrosion resistance, which is known as Laves phase embrittlement [1]. Therefore, it is very important 
to understand the effect of Laves phase precipitation on the fatigue properties of Nb-containing austenitic stainless 
steel. In the present study, the rotary bending fatigue tests had been conducted using Nb-containing austenitic 
stainless steel, type 347, which was aged at 700, 800 and 900°C and the effect of Laves phase precipitation on the 
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fatigue properties was discussed. Since the stainless steels are generally required to be used in aggressive 
environment, the fatigue tests were performed in laboratory air, and in 3%NaCl solution as corrosive environment. 
2. Experimental details 
2.1. Material and specimen 
The material used in the present study is Nb-containing austenitic stainless steel, type 347 with a diameter of 16 
mm, whose chemical compositions (mass%) are as follows; C: 0.03, Si: 0.50, Mn: 1.21, P: 0.032, S: 0.024, Ni: 9.72, 
Cr: 17.58, Nb: 0.55, Fe: bal.. As-received material was solution treated at 1050°C for 60s followed by water 
quenching. Figure 1 shows the microstructure after solution treatment. The microstructure consists of austenitic 
phase (γ-phase) with the average grain size of 8μm. In order to precipitate Laves phase, solution-treated bars were 
aged at 700, 800 and 900°C for 25 ~ 300h in a vacuum furnace, and then machined to a smooth-round bar fatigue 
specimen with a diameter of 8mm and a gauge length of 10mm as shown in Figure 2. Hereafter, the specimens 
subjected to aging treatment are designated using aging temperature and time, e.g., the 700°C-25h specimen. 
 
 
 
 
 
 
 
 
Fig. 1. Microstructure of type 347.   Fig. 2. Configuration of fatigue specimen. 
2.2. Experimental procedures 
The fatigue tests were performed using an Ono-type 4-point rotary bending fatigue testing machine with a 
capacity of 98Nm operating at a frequency of 60Hz in laboratory air and in 3%NaCl solution. The solution was 
dropped continually onto the specimen surface by a metering pump from a reserved tank. Crack initiation and 
subsequent early crack growth were monitored with a plastic replication technique. After experiments, fracture 
surfaces were examined in detail using a scanning electron microscope (SEM). The precipitates were analyzed by an 
energy dispersive X-ray spectroscopy (EDX). Measurement of hardness was carried out using a Vickers micro-
hardness tester (test load: 4.9N, loading time: 30s). 
3. Experimental results 
3.1. Microstructures of aged specimens 
Figure 3 reveals the microstructures of aged specimens, that is, the 700°C-100h, 800°C-100h and 900°C-100h 
specimens. In the specimen aged at 700°C (Figure 3 (a)), precipitates cannot be seen, whereas coarse precipitates are 
recognized at the aging temperatures of 800°C  (Figure 3 (b)) and 900°C  (Figure 3 (c)). The average grain size was 
6μm, 8μm and 8μm for the 700°C-100h, 800°C-100h and 900°C-100h specimens, respectively. The grain growth 
was not found in all the aged specimens. 
Figure 4 shows the microstructures of the 900°C-50h, 900°C-100h and 900°C-300h specimens. The distribution 
of precipitates becomes denser with increasing aging time. Precipitates are seen along the grain boundaries in the 
900°C-50h (Figure 4 (a)) and 900°C-100h (Figure 4 (b)) specimens, and are also seen within the grains in the 
900°C-300h specimen (Figure 4 (c)). The chemical composition of precipitates was analyzed by EDX and the 
quantitative result was Fe: 52%, Nb: 25%, Cr: 16%, Si: 7% (at. %). Since the ratio of Fe vs Nb is about 2 : 1, the 
precipitate was identified as Laves phase of Fe2Nb. 
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Fig. 3.  SEM microstructures; (a) 700°C-100h; (b) 800°C-100h; (c) 900°C-100h. Arrows indicate precipitates. 
 
 
 
 
 
 
 
Fig. 4.  SEM microstructures aged at 900°C; (a) for 50h; (b) for 100h; (c) for 300h. Arrows indicate precipitates. 
3.2. Aging behavior 
Figure 5 shows the change of Vickers hardness as a function of aging time.  In the figure, dotted line indicates the 
average hardness of the unaged specimen (188HV) and the gray area represents the scatter band. The hardness of the 
specimen aged at 700°C (200 ~ 210HV) was higher, whereas those of the specimens aged at 800 and 900°C (180 ~ 
190HV) were lower than the unaged specimen. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Vickers hardness as a function of aging time. Dotted line and gray area indicate the average hardness of unaged specimen and the scatter 
of the hardness, respectively. 
3.3. Mechanical properties 
The mechanical properties and Vickers hardness of the unaged, 700°C-25h and 900°C-300h specimens are 
summarized in Table 1. The proof stress, σ0.2, and tensile strength, σB, of the 700°C-25h specimen are higher than 
those of the unaged one, while those of the 900°C-300h specimen are lower. The fracture surfaces of all specimens 
are covered with dimples, indicating ductile fracture.  
 
Table 1. Mechanical properties. 
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3.4. Fatigue properties in laboratory air 
Figure 6 (a) shows the S-N diagram in laboratory air. The fatigue strength of the 700°C-25h specimen is higher than 
the unaged one, whereas the 900°C-100h and 900°C-300h specimens exhibit lower fatigue strengths than the others. 
The fatigue limit of the unaged specimen was 290MPa, while 340 , 280 and 280MPa for the 700°C-25h, 900°C- 
100h and 900°C-300h ones, respectively. The fatigue strengths characterized in terms of fatigue ratio, σa / σB, are 
shown in Figure 6 (b). In the 900°C-100h and 900°C-300h specimens, the fatigue ratios are nearly the same. The 
fatigue ratios of the 900°C-100h and 900°C-300h specimens are lower than the unaged one, while the 700°C-25h 
specimen exhibits higher relative fatigue ratio than the others. 
Figure 7 (a) shows the relationship between surface crack length, 2c, and the number of cycles, N. In the aged 
specimens, the cracks initiated earlier than the unaged one. In the 700°C-100h and 900°C-300h specimens, the 
number of cycles to crack initiation is nearly the same. Figure 7 (b) indicates the surface crack length as a function 
of cycle ratio, N / Nf, where Nf is the number of cycles to failure. The cycle ratio of crack initiation life in the 900°C-
300h specimen is earlier than the others, indicating lower crack initiation resistance. Figure 8 represents the 
relationship between the crack growth rate, da / dN, and the maximum stress intensity factor Kmax. In low Kmax 
region, the 700°C-25h specimen exhibits slightly faster crack growth rates than the others. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. (a) S-N diagram in laboratory air; (b) S-N diagram characterized in terms of fatigue ratio. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Surface crack length as a function of (a) number of cycles; (b) cycle ratio. 
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Fig. 8. Relationship between crack growth rate and maximum stress intensity factor. 
3.5. Fatigue properties in 3%NaCl solution 
Figure 9 shows the S-N diagram in laboratory air and in 3%NaCl solution. The unaged specimens exhibit nearly the 
same fatigue strengths in laboratory air and in 3%NaCl solution. But 3%NaCl condition reduced fatigue strengths at 
107 cycles in the aged specimens. It should be noted that the fatigue strength was largely decreased in the 700°C-25h 
specimen by the corrosive environment compared with the other aged specimens.  Figure 10 reveals the typical 
examples of fracture surface near the crack initiation site in 3%NaCl solution. In the unaged specimen (Figure 10 
(a)),the fatigue crack initiated due to cyclic slip deformation. In the aged specimens, the crack initiation behavior 
depended on the stress amplitude level. At high stress amplitude, the crack initiated due to cyclic deformation, while 
at low stress amplitude, crack initiated from the corrosion pit (Figure. 10 (b) ~ (d)). In Figure 9, ”P” represents the 
crack initiation from the corrosion pit. This indicates that the corrosion resistance of aged specimen is lower than 
that of the unaged one. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. S-N diagram in laboratory air and in 3%NaCl solution. 
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Fig. 10.  SEM micrographs showing fracture surfaces near crack initiation site in 3%NaCl sol.; (a) unaged (σa = 300MPa,  Nf = 1.7 × 105); 
(b) 700°C-25h (σa = 340MPa,  Nf = 9.3 × 105); (c) 900°C-100h (σa = 280MPa,  Nf = 1.8 × 105); (d) 900°C-300h (σa = 280MPa,  Nf = 
6.1 × 105). Arrows indicate corrosion pit. 
4. Discussion 
4.1. Effect of Laves phase on fatigue behavior 
As shown in Figure 6 (a) and (b), the fatigue strength of the 700°C-25h specimen was higher than the unaged one. 
Although Laves phase is not seen in the 700°C-25h specimen (Figure 3(a)), tensile strength and hardness increased 
by the heat treatment. Nikulin has successfully confirmed using a transmission electron microscope (TEM) that 
Laves phases (Fe2W) precipitated in SUS 347 J1TB by the aging at 650°C for 300 ~ 3000h [2]. In the present study, 
it is expected that very fine Laves phases precipitated within austenitic grains. Thus, precipitation hardening by 
Laves phase could delay the crack initiation (Figure 7 (b)). Whereas the fatigue strengths of the 900°C-100h and 
900°C-300h specimens were lower than the unaged one (Figure 6 (a) and (b)). The size and number of Laves phases 
increased with increasing aging time (Figure 3 (c) and Figure 4).  Laves phases were coarsened by over aging and γ-
phase was softened because solid-solution-hardening element, Nb, was consumed in the formation of coarse Laves 
phases. Consequently, the decrease in fatigue strength of the 900°C-300h specimen could be attributed primarily to 
the coarsening of Laves phase and secondary to the softening of γ-phase, which may bring on the early crack 
initiation (Figure 7(b)).  
4.2. Effect of aging on corrosion fatigue behavior 
The corrosion fatigue strength of the 700°C-25h specimen significantly decreased as compared with the others 
(Figure 9). It is well known that the sensitization takes place when austenitic stainless steels are exposed to the 
temperature range of 500 ~ 800°C. Sensitization is caused by the formation of chromium (Cr) -depleted zones due to 
the precipitation of Cr carbide and nitride along grain boundaries. The addition of Nb bring on the excellent strength 
at elevated temperatures and the sensitization resistance due to the formation of Nb carbides, which prevents the 
formation of Cr carbides. As mentioned above, fine Laves phases precipitated in the 700°C-25h specimen, resulting 
in the decrease of Nb content. Consequently, Cr carbides would have precipitated in the matrix forming Cr-depleted 
zone along grain boundaries, resulting in the reduction of corrosion fatigue strength of the 700°C-25h specimen. 
 In the 900°C-100h and 900°C-300h specimens, the fatigue strengths in 3%NaCl solution also decreased as 
compared with those in laboratory air, but the decrease of fatigue strength is much smaller than the 700°C-25h 
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specimen. Since the aging temperature of 900°C is slightly higher than the temperature range of sensitization, 500 ~ 
800°C, it is considered that less sensitization occurred than at 700°C. 
5. Conclusion 
In the present study, the effect of Laves phase precipitation on the fatigue properties of Nb-containing austenitic 
stainless steel, type 347, in laboratory air and in 3%NaCl solution was discussed. Rotary bending fatigue tests were 
performed using the specimen aged at 700, 800 and 900ºC. The conclusions obtained are as follows; 
(1) In laboratory air, the fatigue strength was improved by the aging at 700°C due to the precipitation of fine 
Laves phases in γ-phase. Whereas the aging at 900°C decreased fatigue strength, which was attributed to the 
coarsening of Laves phases. 
(2) In 3%NaCl solution, the fatigue strength of the specimen aged at 700°C was largely decreased compared with 
that in laboratory air. It is considered that the sensitization took place due to the formation of Cr-depleted zones 
along grain boundaries by the heat treatment. 
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